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Abstract: The growing recognition of sarcopenia, the age-related loss of skeletal muscle mass 
and function, has highlighted the need to understand more about its etiology. Declines in muscle 
mass and strength are expected aspects of aging, but there is significant variability between 
individuals in rates of loss. Although some of these differences can be explained by fixed fac-
tors, such as sex, much of the remaining variation is unexplained. This has led to increasing 
interest in the influence of adult lifestyle, particularly in the effects of modifiable factors such 
as physical activity and diet, and in identifying intervention opportunities both to prevent and 
manage sarcopenia. A number of trials have examined the separate effects of increased exercise 
or dietary supplementation on muscle mass and physical performance of older adults, but less 
is known about the extent to which benefits of exercise training could be enhanced when these 
interventions are combined. In a comprehensive review of the literature, we consider 17 studies 
of older adults ($65 years) in which combined nutrition and exercise interventions were used to 
increase muscle strength and/or mass, and achieve improvements in physical performance. The 
studies were diverse in terms of the participants included (nutritional status, degree of physical 
frailty), supplementation strategies (differences in nutrients, doses), exercise training (type, 
frequency), as well as design (duration, setting). The main message is that enhanced benefits 
of exercise training, when combined with dietary supplementation, have been shown in some 
trials – indicating potential for future interventions, but that existing evidence is inconsistent. 
Further studies are needed, particularly of exercise training combined with dietary strategies 
that increase intakes of a range of nutrients, as well as bioactive non-nutrients, to provide the 
evidence on which public health and clinical recommendations can be based.
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Introduction
The importance of sarcopenia, the age-related loss of skeletal muscle mass and func-
tion, is now widely recognized.1 The decline in muscle mass between 40 and 80 years 
is estimated to be between 30% and 50%, with reported losses in functional capacity 
amounting to as much as 3% each year beyond the age of 60.2 Sarcopenia is a major 
clinical problem for older people as it is common (with estimates of prevalence as high 
as 33% in community-dwelling older adults)2–4 and is clearly associated with poorer 
health consequences, including obesity, osteoporosis, and type 2 diabetes.5–7 It is a 
major cause of frailty6 and, importantly, predicts future mortality in middle-aged as 
well as older adults.7,8 The estimated direct health care cost attributable to sarcopenia 
in the United States in 2000 was $18.5 billion.9
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The growing recognition of the significance of sarcope-
nia has led to standardization in operational definitions.6,10,11 
An example is the consensus statement from the European 
Working Group on Sarcopenia in Older People (EWGSOP) 
that recommends a definition of sarcopenia based on thresh-
old values for lean mass, grip strength, and gait speed. The 
EWGSOP describes the gradation from pre-sarcopenia 
(decrease in muscle mass without disturbance in strength 
or function), to sarcopenia (decreased mass and strength or 
function), to severe sarcopenia (decreased mass, strength, 
and function).10 The increased awareness of the clinical 
importance of sarcopenia has also highlighted the need to 
understand more about its etiology. Declines in muscle mass 
and strength are expected aspects of aging, alongside a range 
of age-related changes, for example in vascular, endocrine, 
and neuronal function,6 but there is significant variability 
between individuals in rates of loss. Some of the variability 
can be explained by factors that are fixed (such as sex, size, 
heritability, and early life environment), but much of the 
remaining variation is unexplained. This has led to increasing 
interest in the influence of adult lifestyle, particularly in the 
effects of modifiable factors such as physical activity12 and 
diet13 on muscle mass and function in older people, with a 
view to identifying intervention opportunities both to prevent 
and manage sarcopenia.14
Physical inactivity is clearly linked to losses of muscle 
mass and strength, suggesting that increasing levels of physi-
cal activity should have protective effects. A range of exercise 
interventions has been tested. Of these, progressive resistance 
exercise training (that requires participants to exercise against 
an increasing external load) has been most widely used and 
shown to have positive effects on muscle strength and physi-
cal function.15 In comparison, less is known about the role 
of diet in older age, although there is a growing body of evi-
dence that links poor quality diets, and insufficient intakes of 
protein, vitamin D, antioxidant nutrients, and n3 long-chain 
polyunsaturated fatty acids, to poor physical function.13 Low 
food intakes and monotonous diets are common in older age, 
increasing opportunity for insufficient nutrient intake. Inter-
ventions to achieve improvements in diet among older adults 
who are at risk, may therefore have potential both to prevent 
or delay age-related losses of muscle mass and function, as 
well as being potential management strategies for patients 
who are already sarcopenic. However, existing evidence from 
nutrient supplementation studies is mixed.4,13
Much of the trial evidence evaluates the separate effects 
of increased exercise or dietary supplementation on muscle 
mass and function, and an unanswered question is the extent 
to which benefits could be enhanced when these interventions 
are combined.16–18 A meta-analysis of findings from random-
ized controlled trials has shown that protein supplementa-
tion during an exercise training program increases gains in 
muscle mass and strength, in younger (,50 years) and older 
($50 years) adults16 – although much less is known about the 
combined effects of exercise training and supplementation 
with other dietary components that have been linked to sar-
copenia. The separate mechanisms of action of nutrition and 
exercise provide sound physiological rationale for potential 
additive or synergistic effects,17 but the long-term benefits 
of exercise training combined with dietary supplementation 
have not yet been clearly established.4 A further consider-
ation is whether such effects may differ with increasing age 
or degree of frailty, as much of the existing trial evidence 
is from younger, healthy participants. For example, in their 
meta-analysis of protein supplementation studies, Cermak 
et al speculate that there could be greater gains resulting 
from combined exercise training and supplementation at 
more advanced ages (.65 years).16
Understanding the benefits of maintaining sufficient 
levels of physical activity and diet quality in older age is 
central to considerations of current and future public health 
strategies to promote better physical function and health in 
later life. In this paper we describe a comprehensive literature 
review in which we evaluate the combined effects of dietary 
supplementation and exercise training on muscle outcomes 
(strength, mass, and physical performance) in adults aged 
65 years and older. The principal aim was to assess evidence 
of additional benefits of dietary supplementation when com-
bined with exercise training.
Methods
We sought to include trials which had included both 
nutritional supplementation and exercise training, and had 
examined measures of muscle strength, size, and/or physi-
cal performance as outcomes. Studies were included if they 
had comparison groups that received exercise training as 
well as exercise training combined with nutritional supple-
mentation. We excluded studies that only measured protein 
synthesis, muscle fiber hypertrophy or biochemical properties 
of muscle; we also excluded studies where the nutritional 
intervention was energy restriction to promote weight loss. 
We restricted the search to studies where the participants 
were 65 years and older.
To identify eligible studies, we searched the MEDLINE 
and EMBASE databases via the OVID system for articles 
which included both MeSH and free-text terms related to 
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trials of nutrition, exercise or physical activity and muscle 
outcomes. The databases were searched from their start dates 
to April 2013. We limited our search to articles published in 
English; we excluded animal studies.
Four thousand eight hundred and eighty seven abstracts 
were identified through database searching and a further 
ten were identified from screening the references of known 
review articles (Figure 1). In total, 4,897 abstracts were 
screened for eligibility by one reviewer (HJD). Conference 
abstracts were excluded and we did not attempt to obtain 
unpublished data. One hundred and thirty three papers were 
considered to be potentially eligible for inclusion and the 
full-text of these papers was retrieved for further assess-
ment. Twenty-one papers, describing 17 individual studies 
were eligible for inclusion.19–39 The references of included 
papers were also screened for additional articles, which did 
not generate any further studies for inclusion.
Relevant data from the included papers were extracted 
into a table format. Extracted information included details 
about the study population, the study design, the interven-
tion implemented, and the outcome measures. The studies 
were not graded for quality; no attempt at a meta-analysis 
was made.
Results
Seventeen studies met the inclusion criteria for the review; 
details of these studies are shown in Table 1. Of these, six 
studies19–23,27,34,35 were based in Europe, six were from the 
USA or Canada,24,26,28,29,36,38,39 two from South America,32,33,37 
one from Australia,30 and two from Japan.25,31 The studies 
ranged in size from 17 participants24 to 21734,35 and varied 
in duration between 8 weeks26,36 and 18 months.32,33 Half 
of the reviewed studies included two comparison groups 
(exercise, exercise + nutritional supplement);19,22–24,26,31,36,38,39 
the remaining studies had a factorial design with four 
groups (exercise, nutritional supplement, both interven-
tions, neither intervention).20,21,25,27–30,32–35,37 Study popula-
tions varied considerably, from community-dwelling older 
adults,19,23,24,26,32,33,37–39 to older adults with comorbidities 
such as frailty,22,34,35 chronic obstructive pulmonary disease 
(COPD)31 and sarcopenia25 and older adults in residential 
care20,21,27–29,36 or who were hospitalized.30
The majority of studies (ten of 17) used resistance 
training as the exercise intervention.19,22–24,28–30,32,33,37–39 The 
remaining seven studies employed a multicomponent exer-
cise program which involved both resistance training and 
additional exercises such as aerobic exercises, flexibility, 
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????????????????????????
????????????????????????????????????????????????????????????
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Figure 1 Flow diagram of literature search.
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and balance.20,21,25–27,31,34–36 None of the studies utilized an 
exercise intervention that was exclusively aerobic exercise. 
As the exercise training in all studies involved resistance 
exercise, and to enable studies to be grouped, they were 
considered together. However, it is important to note that 
the exact exercises performed, as well as the intensity and 
duration of the exercise interventions varied widely between 
studies (Table 1).
The nature of the nutritional supplement used varied 
between studies in terms of the type of supplement, which 
additional nutrients were provided, the dose of additional 
nutrients, the timing of supplementation (at same time as 
exercise or not), and frequency of consumption. However, 
whilst acknowledging these differences in study design, over-
all the 17 studies could be considered within one of four broad 
groups of nutritional supplements: protein or amino acid 
supplementation (including β-hydroxy-β-methylbutyrate 
[HMB]) (seven studies),19–26 vitamin D supplementation (two 
studies),36,37 multinutrient supplementation (six studies)27–35 or 
creatine supplementation (two studies).38,39 The multinutrient 
supplements used in the interventions were diverse, ranging 
from a nutritional porridge to fortified food products and 
milk-based drinks. The micronutrients included therefore 
differed across these studies. The majority of supplements 
used in these studies also included protein, but were distinct 
from the protein/amino acid studies in which multiple micro-
nutrients were not included in the supplements.
Muscle outcomes in these 17 studies included muscle 
strength in 15 studies,19–26,28–30,32–39 a measure of muscle 
size (cross-sectional area, lean mass, fat free mass) in 
15 studies,19–29,31–35,37–39 and physical performance in 14 
studies.19–22,25,27–39 Methods of assessment of each of these 
outcomes differed across studies. In addition, muscle power 
(calculated from a power-velocity curve from measurements 
taken using an Ergo power dynamometer) was assessed in 
one study,27 and muscle endurance in one other.39
Types of nutritional intervention
Protein/amino acid supplementation
Four studies19–23 used a protein-enriched drink as the nutri-
tional supplement (providing 10–20 g protein); two further 
studies provided participants with supplements containing 
essential amino acids (12 g/day,24 6 g/day);25 one provided 
a leucine metabolite, HMB (3 g/day).26 The seven studies 
included healthy community-dwelling older adults19,23,24,26, 
as well as sarcopenic25 and frail20–22 participants. The dura-
tion of studies ranged between 8 and 24 weeks; all measured 
strength and assessed muscle size (as lean body mass/muscle 
mass or area). All but three studies23,24,26 also assessed physi-
cal performance.
Muscle strength
Muscle strength improved with exercise training in all studies. 
There was no interaction between protein or essential amino 
acid supplementation with exercise training on muscle strength 
in six of the studies considered. However, in the study of older 
Japanese women who were sarcopenic, muscle strength 
improved only among women who had received the com-
bined intervention of a multicomponent exercise training 
program and amino acid supplementation.25
Muscle size
The effects of exercise training and supplementation on 
muscle size varied between studies. In five studies, no interac-
tions were found between exercise training and protein/amino 
acid supplementation on muscle mass,20,21,23,25 cross-sectional 
area24 or lean body mass.19,23 However, an increase of 0.8 kg 
in lean mass was observed following HMB supplementation 
of healthy older adults (compared with no change in placebo 
group; P=0.08),26 and interactive effects were observed on 
lean body mass, among frail older men and women partici-
pating in a resistance exercise training program, following 
provision of a protein-supplemented drink consumed twice 
per day.22
Physical performance
Physical performance improved with exercise training in all 
four studies in which it was assessed.19–22,25 No additional 
improvements were found in physical performance in par-
ticipants who received exercise training and protein or amino 
acid supplementation.
Multinutrient supplementation
Six studies provided a multinutrient supplement (nutritional 
drinks,27–31 food products32,33 or enriched foods)34,35 for daily 
consumption. The composition of the supplements differed, 
but with one exception in which fortified foods were provided 
to increase micronutrient intake only in the intervention 
groups,34,35 all were complete supplements containing a range 
of micro- and macronutrients. The nutrients included in the 
supplements and doses differed across studies. The duration of 
the interventions ranged from 10 weeks28,29 to 18 months,32,33 
and the majority included older adults who tended to be more 
vulnerable as they were physically frail,27–29,34,35 nutritionally 
“at risk”30 and/or had other comorbidities;31 one study evalu-
ated the effects of a nutritional supplement provided as part 
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io
ns
.
T
w
o 
gr
ou
p 
co
m
pa
ri
so
n:
 
m
us
cl
e 
st
re
ng
th
 (
le
g 
pr
es
s,
 le
g 
ex
te
ns
io
n)
, l
ea
n 
m
as
s 
(D
X
A
), 
cr
os
s-
se
ct
io
na
l a
re
a 
of
 q
ua
dr
ic
ep
s 
(C
T
 s
ca
n)
.
G
od
ar
d 
et
 a
l24
U
SA
.
O
ld
er
 m
en
, a
ge
d 
 
65
–8
0 
ye
ar
s.
17
12
-w
ee
k 
in
te
rv
en
tio
n.
A
ll 
pa
rt
ic
ip
an
ts
 r
ec
ei
ve
d 
ex
er
ci
se
 
tr
ai
ni
ng
 b
ut
 r
an
do
m
iz
ed
 t
o 
i) 
am
in
o 
ac
id
 s
up
pl
em
en
ta
tio
n 
or
 ii
) 
no
 d
ie
ta
ry
 
su
pp
le
m
en
ta
tio
n 
(c
on
tr
ol
).
Pr
og
re
ss
iv
e 
kn
ee
 e
xt
en
so
r 
re
si
st
an
ce
 t
ra
in
in
g 
pr
og
ra
m
; 
pa
rt
ic
ip
an
ts
 e
xe
rc
is
ed
 t
hr
ee
 
tim
es
 p
er
 w
ee
k
A
m
in
o 
ac
id
-c
on
ta
in
in
g 
dr
in
k 
(4
00
 m
L)
 
pr
ov
id
in
g 
12
 g
 e
ss
en
tia
l a
m
in
o 
ac
id
s,
 
72
 g
 fr
uc
to
se
 a
nd
 d
ex
tr
os
e;
 c
on
su
m
ed
 
im
m
ed
ia
te
ly
 a
fte
r 
tr
ai
ni
ng
 o
r 
at
 s
am
e 
 
tim
e 
ea
ch
 d
ay
.
T
w
o 
gr
ou
p 
co
m
pa
ri
so
n:
 m
us
cl
e 
st
re
ng
th
 (
kn
ee
 e
xt
en
so
r)
, w
ho
le
 
m
us
cl
e 
cr
os
s-
se
ct
io
na
l a
re
a 
of
 
ri
gh
t 
th
ig
h 
(C
T
).
K
im
 e
t 
al
25
Ja
pa
n.
Sa
rc
op
en
ic
, 
co
m
m
un
ity
-d
w
el
lin
g 
ol
de
r 
w
om
en
, a
ge
d
75
+ 
ye
ar
s.
15
5
3-
m
on
th
 in
te
rv
en
tio
n,
 fa
ct
or
ia
l 
de
si
gn
. P
ar
tic
ip
an
ts
 r
an
do
m
iz
ed
 
to
 fo
ur
 g
ro
up
s:
 i)
 a
m
in
o 
ac
id
 
su
pp
le
m
en
ta
tio
n,
 ii
) 
ex
er
ci
se
 t
ra
in
in
g,
 
iii
) 
su
pp
le
m
en
ta
tio
n 
+ 
ex
er
ci
se
 o
r 
 
iv
) 
he
al
th
 e
du
ca
tio
n 
(o
nc
e 
pe
r 
m
on
th
).
M
ul
tic
om
po
ne
nt
 e
xe
rc
is
e 
pr
og
ra
m
 in
cl
ud
in
g 
re
si
st
an
ce
 e
xe
rc
is
e 
tr
ai
ni
ng
; 
pa
rt
ic
ip
an
ts
 e
xe
rc
is
ed
 t
w
ic
e 
pe
r 
w
ee
k
Po
w
de
re
d 
am
in
o 
ac
id
 s
up
pl
em
en
ts
 
pr
ov
id
ed
 t
o 
be
 t
ak
en
 t
w
ic
e 
da
ily
 w
ith
 w
at
er
 
or
 m
ilk
, s
up
pl
yi
ng
 6
 g
 e
ss
en
tia
l a
m
in
o 
ac
id
s 
pe
r 
da
y.
Fo
ur
 g
ro
up
 c
om
pa
ri
so
n:
 s
tr
en
gt
h 
(k
ne
e 
ex
te
ns
io
n)
, m
us
cl
e 
m
as
s 
(B
IA
), 
us
ua
l a
nd
 m
ax
im
um
 
w
al
ki
ng
 s
pe
ed
.
(C
on
tin
tu
ed
)
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Denison et al
T
ab
le
 1
 (
Co
nt
in
ue
d)
R
ef
er
en
ce
s
Se
tt
in
g,
 s
tu
dy
 
pa
rt
ic
ip
an
ts
N
*
St
ud
y 
de
si
gn
E
xe
rc
is
e 
tr
ai
ni
ng
 
in
te
rv
en
ti
on
N
ut
ri
ti
on
al
 s
up
pl
em
en
t
O
ut
co
m
e 
m
ea
su
re
s
v
uk
ov
ic
h 
et
 a
l26
U
SA
.
H
ea
lth
y 
ol
de
r 
m
en
 
an
d 
w
om
en
, a
ge
d 
70
±1
 y
ea
rs
.
32
8-
w
ee
k 
in
te
rv
en
tio
n.
 A
ll 
pa
rt
ic
ip
an
ts
 
re
ce
iv
ed
 e
xe
rc
is
e 
tr
ai
ni
ng
 b
ut
 
ra
nd
om
iz
ed
 t
o 
i) 
H
M
B 
(β
-h
yd
ro
xy
-β
-
m
et
hy
lb
ut
yr
at
e)
 s
up
pl
em
en
ta
tio
n 
or
 
ii)
 a
 p
la
ce
bo
 s
up
pl
em
en
t. 
T
re
at
m
en
ts
 
w
er
e 
ad
m
in
is
te
re
d 
do
ub
le
-b
lin
d.
M
ul
tic
om
po
ne
nt
 e
xe
rc
ise
 
tr
ai
ni
ng
 in
cl
ud
in
g 
re
sis
ta
nc
e 
ex
er
ci
se
; p
ar
tic
ip
an
ts
 
ex
er
ci
se
d 
5 
da
ys
 p
er
 w
ee
k 
 
(2
 d
ay
s 
st
re
ng
th
 tr
ai
ni
ng
,  
3 
da
ys
 w
al
ki
ng
 a
nd
 s
tr
et
ch
in
g)
Su
pp
le
m
en
t 
ca
ps
ul
es
 c
on
ta
in
ed
 2
50
 m
g 
C
a-
H
M
B;
 p
ar
tic
ip
an
ts
 c
on
su
m
ed
 fo
ur
 c
ap
su
le
s,
 
th
re
e 
tim
es
 p
er
 d
ay
 (
3 
g/
da
y)
. P
la
ce
bo
 
ca
ps
ul
es
 w
er
e 
id
en
tic
al
 in
 a
pp
ea
ra
nc
e,
 
pr
ov
id
in
g 
3 
g/
da
y 
ri
ce
 fl
ou
r.
T
w
o 
gr
ou
p 
co
m
pa
ri
so
n:
 u
pp
er
 
an
d 
lo
w
er
 b
od
y 
st
re
ng
th
 fa
t-
fr
ee
 
m
as
s 
(s
ki
nf
ol
ds
, D
X
A
), 
m
us
cl
e 
ar
ea
 (
C
T
sc
an
).
Bo
nn
ef
oy
 e
t 
al
27
Fr
an
ce
.
Fr
ai
l m
en
 a
nd
 w
om
en
 
re
si
de
nt
 in
 r
et
ir
em
en
t 
ho
m
es
, a
ge
d 
 
72
+ 
ye
ar
s.
57
9-
m
on
th
 in
te
rv
en
tio
n,
 fa
ct
or
ia
l d
es
ig
n.
 
Pa
rt
ic
ip
an
ts
 r
an
do
m
iz
ed
 t
o 
fo
ur
 
gr
ou
ps
: i
) 
nu
tr
iti
on
al
 d
ri
nk
 +
 c
on
tr
ol
 
ac
tiv
ity
 (
m
em
or
y)
, i
i) 
ex
er
ci
se
 t
ra
in
in
g 
+ 
pl
ac
eb
o 
dr
in
k,
 ii
i) 
nu
tr
iti
on
al
 d
ri
nk
 +
 
ex
er
ci
se
 t
ra
in
in
g 
or
 iv
) 
co
nt
ro
l a
ct
iv
ity
 
+ 
pl
ac
eb
o 
dr
in
k.
 P
ar
tic
ip
an
ts
 w
er
e 
no
t 
aw
ar
e 
of
 s
up
pl
em
en
ta
tio
n 
st
at
us
.
M
ul
tic
om
po
ne
nt
 e
xe
rc
is
e 
tr
ai
ni
ng
 in
cl
ud
in
g 
re
si
st
an
ce
 
ex
er
ci
se
; p
ar
tic
ip
an
ts
 
ex
er
ci
se
d 
th
re
e 
tim
es
 
pe
r 
w
ee
k.
 T
hr
ee
 w
ee
kl
y 
m
em
or
y 
se
ss
io
ns
 s
er
ve
d 
as
 
co
nt
ro
ls
 fo
r 
ex
er
ci
se
.
N
ut
ri
tio
na
l d
ri
nk
s 
(2
00
 m
L)
 (
pr
ov
id
in
g 
 
20
0 
kc
al
, 1
5 
g 
pr
ot
ei
n,
 v
ita
m
in
s 
an
d 
m
in
er
al
s)
 o
r 
pl
ac
eb
o 
(p
ro
vi
di
ng
 n
o 
nu
tr
ie
nt
s)
 g
iv
en
 t
w
ic
e 
da
ily
. T
he
 n
ut
ri
tio
na
l 
dr
in
k 
in
cr
ea
se
d 
en
er
gy
 in
ta
ke
 b
y 
ap
pr
ox
im
at
el
y 
20
%
 a
nd
 p
ro
vi
de
d 
~5
0%
 
R
D
A
 v
ita
m
in
s 
an
d 
m
in
er
al
s.
Fo
ur
 g
ro
up
 c
om
pa
ri
so
n:
 
m
ax
im
um
 m
us
cl
e 
po
w
er
 
(e
xp
lo
si
ve
 le
g 
ex
te
ns
io
n)
, f
at
-fr
ee
 
m
as
s 
(1
8 O
 d
ilu
tio
n)
, p
hy
si
ca
l 
fu
nc
tio
n 
(g
ai
t 
sp
ee
d,
 s
ix
-s
te
p 
st
ai
r 
cl
im
b,
 c
ha
ir
 r
is
e,
 b
al
an
ce
 
ab
no
rm
al
iti
es
).
Fi
at
ar
on
e 
et
 a
l28
; 
Fi
at
ar
on
e 
et
 a
l29
U
SA
.
Fr
ai
l n
ur
si
ng
-h
om
e 
re
si
de
nt
s 
m
en
 a
nd
 
w
om
en
, a
ge
d
70
+ 
ye
ar
s.
10
0
10
-w
ee
k 
in
te
rv
en
tio
n,
 fa
ct
or
ia
l d
es
ig
n.
 
Pa
rt
ic
ip
an
ts
 r
an
do
m
iz
ed
 to
 fo
ur
 g
ro
up
s: 
i) 
m
ul
tin
ut
rie
nt
 s
up
pl
em
en
ta
tio
n,
  
ii)
 e
xe
rc
ise
 tr
ai
ni
ng
, i
ii)
 s
up
pl
em
en
ta
tio
n 
+ 
ex
er
ci
se
 o
r 
iv
) n
ei
th
er
 (c
on
tr
ol
). 
Su
pp
le
m
en
t a
nd
 p
la
ce
bo
 d
rin
ks
 p
ro
vi
de
d 
in
 u
nm
ar
ke
d 
co
nt
ai
ne
rs
; n
ur
sin
g 
st
af
f n
ot
 
aw
ar
e 
of
 s
up
pl
em
en
ta
tio
n 
gr
ou
p.
Pr
og
re
ss
iv
e 
re
si
st
an
ce
 
ex
er
ci
se
 t
ra
in
in
g 
of
 h
ip
 a
nd
 
kn
ee
 e
xt
en
so
rs
; p
ar
tic
ip
an
ts
 
ex
er
ci
se
d 
3 
da
ys
 p
er
 w
ee
k.
 
O
th
er
 p
ar
tic
ip
an
ts
 o
ffe
re
d 
al
te
rn
at
iv
e 
re
cr
ea
tio
na
l 
ac
tiv
iti
es
.
N
ut
ri
tio
na
l s
up
pl
em
en
t 
pr
ov
id
ed
 a
s 
a 
da
ily
 d
ri
nk
 t
o 
be
 c
on
su
m
ed
 in
 t
he
 e
ve
ni
ng
 
(2
40
 m
L)
, s
up
pl
yi
ng
 3
60
 k
ca
l, 
15
 g
 p
ro
te
in
 
an
d 
vi
ta
m
in
s 
an
d 
m
in
er
al
s 
(~
1/
3 
of
 R
D
A
). 
Pa
rt
ic
ip
an
ts
 w
ho
 w
er
e 
no
t 
su
pp
le
m
en
te
d 
w
er
e 
gi
ve
n 
a 
m
in
im
al
ly
 n
ut
ri
tiv
e 
dr
in
k 
of
 
eq
ua
l v
ol
um
e 
(4
 k
ca
l).
Fo
ur
 g
ro
up
 c
om
pa
ri
so
n:
 m
us
cl
e 
st
re
ng
th
 (
gr
ip
 s
tr
en
gt
h,
 h
ip
 a
nd
 
kn
ee
 e
xt
en
so
rs
), 
th
ig
h 
m
us
cl
e 
ar
ea
 (
C
T
), 
ph
ys
ic
al
 fu
nc
tio
n 
(in
cl
ud
in
g 
ga
it 
sp
ee
d,
 s
ta
ir
 c
lim
b,
 
ba
la
nc
e)
.
M
ill
er
 e
t 
al
30
A
us
tr
al
ia
.
N
ut
ri
tio
na
lly
 a
t 
ri
sk
 o
ld
er
 m
en
 a
nd
 
w
om
en
 h
os
pi
ta
liz
ed
 
fo
llo
w
in
g 
a 
fa
ll-
re
la
te
d 
lo
w
er
-li
m
b 
fr
ac
tu
re
, 
ag
ed
 7
0+
 y
ea
rs
.
10
0
12
-w
ee
k 
in
te
rv
en
tio
n,
 fa
ct
or
ia
l 
de
si
gn
. P
ar
tic
ip
an
ts
 r
an
do
m
iz
ed
 
to
 fo
ur
 g
ro
up
s:
 i)
 o
ra
l n
ut
ri
tio
na
l 
su
pp
le
m
en
ta
tio
n,
 ii
) 
ex
er
ci
se
 t
ra
in
in
g,
 
iii
) 
su
pp
le
m
en
ta
tio
n 
+ 
ex
er
ci
se
 o
r 
 
iv
) 
at
te
nt
io
n 
co
nt
ro
l (
ho
m
e 
vi
si
ts
 o
nl
y,
 
ge
ne
ra
l n
ut
ri
tio
n 
an
d 
ex
er
ci
se
 a
dv
ic
e)
Pr
og
re
ss
iv
e 
re
si
st
an
ce
 
ex
er
ci
se
 t
ra
in
in
g 
pr
og
ra
m
; 
pa
rt
ic
ip
an
ts
 e
xe
rc
is
ed
 t
hr
ee
 
tim
es
 p
er
 w
ee
k.
C
om
pl
et
e 
or
al
 n
ut
ri
tio
na
l s
up
pl
em
en
t 
pr
es
cr
ib
ed
 t
o 
pr
ov
id
e 
45
%
 o
f i
nd
iv
id
ua
lly
 
es
tim
at
ed
 e
ne
rg
y 
re
qu
ir
em
en
t, 
ad
m
in
is
te
re
d 
in
 fo
ur
 d
ai
ly
 d
os
es
 w
hi
le
 
ho
sp
ita
liz
ed
 o
r 
tw
o 
do
se
s 
af
te
r 
di
sc
ha
rg
e 
ho
m
e.
Fo
ur
 g
ro
up
 c
om
pa
ri
so
n:
 m
us
cl
e 
st
re
ng
th
 (
qu
ad
ri
ce
ps
), 
ga
it 
sp
ee
d.
Su
ga
w
ar
a 
et
 a
l31
Ja
pa
n.
O
ld
er
 m
en
 a
nd
 
w
om
en
 w
ith
 C
O
PD
, 
m
ea
n 
ag
e 
77
.2
±5
.3
 
ye
ar
s.
36
3-
m
on
th
 in
te
rv
en
tio
n.
 A
ll 
pa
rt
ic
ip
an
ts
 
re
ce
iv
ed
 e
xe
rc
is
e 
th
er
ap
y 
bu
t 
ra
nd
om
iz
ed
 t
o 
i) 
nu
tr
iti
on
al
 
su
pp
le
m
en
ta
tio
n 
or
 ii
) 
no
 d
ie
ta
ry
 
su
pp
le
m
en
ta
tio
n 
(n
or
m
al
 m
ea
ls
 a
lo
ne
, 
w
ith
 d
ie
ta
ry
 in
st
ru
ct
io
n)
.
C
om
bi
ne
d 
re
si
st
an
ce
 a
nd
 
ae
ro
bi
c 
ex
er
ci
se
 t
ra
in
in
g 
(lo
w
 in
te
ns
ity
); 
pa
rt
ic
ip
an
ts
 
in
st
ru
ct
ed
 t
o 
ex
er
ci
se
 d
ai
ly
 
at
 h
om
e.
N
ut
ri
tio
na
l s
up
pl
em
en
t 
co
nt
ai
ni
ng
 w
he
y 
pe
pt
id
e,
 fa
tt
y-
ac
id
s 
an
d 
an
tio
xi
da
nt
 
vi
ta
m
in
s.
 O
ne
 p
ac
k 
(2
00
 m
L)
, p
ro
vi
di
ng
  
20
0 
kc
al
, 1
0 
g 
pr
ot
ei
n 
(4
.5
 g
 e
ss
en
tia
l a
m
in
o 
ac
id
s)
, t
o 
be
 c
on
su
m
ed
 t
w
ic
e 
pe
r 
da
y.
T
w
o 
gr
ou
p 
co
m
pa
ri
so
n:
 
qu
ad
ri
ce
ps
 m
us
cl
e 
fo
rc
e,
 fa
t 
fr
ee
 
m
as
s,
 6
-m
in
ut
e 
w
al
ki
ng
 d
is
ta
nc
e.
Bu
no
ut
 e
t 
al
32
; 
Bu
no
ut
 e
t 
al
33
C
hi
le
.
C
om
m
un
ity
-d
w
el
lin
g 
po
or
 o
ld
er
 m
en
 a
nd
 
w
om
en
, a
ge
d 
 
70
+ 
ye
ar
s.
14
9
18
-m
on
th
 in
te
rv
en
tio
n,
 fa
ct
or
ia
l d
es
ig
n 
– 
ev
al
ua
tio
n 
at
 1
2 
an
d 
18
 m
on
th
s.
H
al
f t
he
 p
ar
tic
ip
an
ts
 p
ro
vi
de
d 
w
ith
 
nu
tr
iti
on
al
 s
up
pl
em
en
t; 
w
ith
in
 e
ac
h 
gr
ou
p 
pa
rt
ic
ip
an
ts
 r
an
do
m
iz
ed
 t
o 
re
ce
iv
e 
ex
er
ci
se
 t
ra
in
in
g.
R
es
is
ta
nc
e 
ex
er
ci
se
; 
pa
rt
ic
ip
an
ts
 e
xe
rc
is
ed
 t
w
ic
e 
pe
r 
w
ee
k.
N
ut
ri
tio
na
l p
ro
du
ct
 (
pr
ep
ar
ed
 a
s 
a 
so
up
 
or
 p
or
ri
dg
e,
 g
iv
en
 a
s 
tw
o 
da
ily
 s
na
ck
s)
, t
o 
pr
ov
id
e 
40
0 
kc
al
, 1
3 
g 
pr
ot
ei
n,
 ~
25
%
 d
ai
ly
 
re
qu
ir
em
en
ts
 fo
r 
m
ic
ro
nu
tr
ie
nt
s.
Fo
ur
 g
ro
up
 c
om
pa
ri
so
n:
 m
us
cl
e 
st
re
ng
th
 (
ha
nd
gr
ip
, q
ua
dr
ic
ep
s,
 
bi
ce
ps
), 
fa
t-
fr
ee
 m
as
s 
(D
X
A
), 
w
al
ki
ng
 c
ap
ac
ity
 (
m
).
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exercise and diet interventions for sarcopenia
C
hi
n 
A
 P
aw
  
et
 a
l34
; d
e 
Jo
ng
 
et
 a
l35
th
e 
N
et
he
rl
an
ds
.
Fr
ai
l c
om
m
un
ity
-
dw
el
lin
g 
ol
de
r 
m
en
 
an
d 
w
om
en
, a
ge
d 
 
70
+ 
ye
ar
s.
21
7
17
-w
ee
k 
in
te
rv
en
tio
n,
 fa
ct
or
ia
l d
es
ig
n.
Pa
rt
ic
ip
an
ts
 r
an
do
m
iz
ed
 t
o 
fo
ur
 
gr
ou
ps
: i
) 
su
pp
le
m
en
ta
tio
n,
 ii
) 
ex
er
ci
se
 
tr
ai
ni
ng
, i
ii)
 s
up
pl
em
en
ta
tio
n 
+ 
ex
er
ci
se
 
or
 iv
) 
ne
ith
er
 (
co
nt
ro
l).
 T
he
 n
ut
ri
tio
na
l 
in
te
rv
en
tio
n 
w
as
 d
ou
bl
e-
bl
in
de
d.
M
ul
tic
om
po
ne
nt
 e
xe
rc
is
e 
tr
ai
ni
ng
 (
gr
ad
ua
lly
 in
cr
ea
si
ng
 
in
te
ns
ity
); 
pa
rt
ic
ip
an
ts
 
ex
er
ci
se
d 
tw
ic
e 
pe
r 
w
ee
k.
 
A
 s
oc
ia
l p
ro
gr
am
 s
er
ve
d 
as
 c
on
tr
ol
 fo
r 
ot
he
r 
pa
rt
ic
ip
an
ts
.
Su
pp
le
m
en
te
d 
gr
ou
p 
as
ke
d 
to
 c
on
su
m
e 
on
e 
fr
ui
t 
an
d 
on
e 
da
ir
y 
pr
od
uc
t 
en
ri
ch
ed
 
w
ith
 v
ita
m
in
s 
an
d 
m
in
er
al
s 
pe
r 
da
y 
(t
o 
pr
ov
id
e 
up
 t
o 
10
0%
 D
ut
ch
 R
D
A
 o
f v
ita
m
in
s 
an
d 
m
in
er
al
s)
. O
th
er
 p
ar
tic
ip
an
ts
 r
ec
ei
ve
d 
sa
m
e 
pr
od
uc
ts
 t
ha
t 
w
er
e 
no
t 
en
ri
ch
ed
.
Fo
ur
 g
ro
up
 c
om
pa
ri
so
n:
 m
us
cl
e 
st
re
ng
th
 (
ha
nd
gr
ip
, q
ua
dr
ic
ep
s)
, 
le
an
 b
od
y 
m
as
s 
(D
X
A
), 
ph
ys
ic
al
 
fu
nc
tio
n 
an
d 
fit
ne
ss
 (
in
cl
ud
in
g 
ga
it 
sp
ee
d,
 c
ha
ir
 r
is
e,
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of a government nutrition program.32,33 Five of the six studies 
provided measures of muscle strength, size, and physical 
performance;27–29,31–35 one provided measure of strength and 
physical performance;30 one provided a measure of muscle 
power.27
Muscle strength
The effects of exercise training on muscle strength differed 
across studies. There were clear improvements in some 
studies, 28,29,32,33 smaller changes34,35 or no benefits27,30,31 
described in others. With the exception of one study of older 
men and women with COPD, in which quadriceps muscle 
force increased significantly over the intervention period in 
the combined exercise/supplement group, additive or inter-
active effects of multinutrient supplementation and exercise 
training on muscle strength were not described.
Muscle size
The effects of exercise training on measures of muscle size 
differed across the five studies with measured outcomes, with 
reported increases in cross-sectional thigh muscle area and 
lean mass in two studies29,34 and no changes in fat free mass 
in others.27,31–33 A consistent finding was that there was no 
evidence of interactive effects of multinutrient supplementa-
tion with exercise training on measures of muscle size.
Physical performance
Exercise training was reported to have a positive effect on 
some or all of the physical performance measures in most 
studies,27–29,32–35 but there was no evidence of additive or inter-
active effects of multinutrient supplementation in the partici-
pants who received exercise training. However, among older 
participants with COPD, there was a significant improvement 
in exercise performance (measured as distance walked in 
6 minutes) among participants who had received the multi-
nutrient supplement together with exercise training.31
vitamin D supplementation
Two of the 17 studies examined the combined effects of 
vitamin D supplementation and exercise training on muscle 
outcomes. One study included nursing home residents who 
had dementia, who were first given a bolus dose of vitamin D 
(100,000 U), followed by weekly supplements (50,000 U) 
over a period of 8 weeks.36 In the other, larger, study Bunout 
et al37 evaluated the effects of daily supplementation with 
400 IU over a period of 9 months in community-dwelling 
older adults who had low vitamin D status (,16 ng/mL 
25-hydroxyvitamin D). Both studies measured strength and 
assessed physical performance outcomes; in the second 
study body composition was assessed by dual-energy X-ray 
absorptiometry.37 Vitamin D status increased in the supple-
mented participants in both studies.
Muscle strength
Measured muscle strength increased following exercise train-
ing in both studies, although in the study of nursing home 
residents, analysis of the pooled results showed a decline 
in one measure of strength (knee extension). Neither study 
provided evidence of greater effects of exercise training on 
muscle strength among supplemented participants.
Muscle size
In the study that assessed body composition, there were no sig-
nificant changes in any of the four comparison groups follow-
ing the period of supplementation and exercise training.37
Physical performance
Exercise training significantly improved balance, but had no 
effect on gait speed in the study of nursing home residents; 
there were no differences in physical performance between 
supplemented and non-supplemented participants.36 In older 
adults with low vitamin D status, there was a significant 
improvement in the short physical performance battery 
among adults who had received exercise training. However, 
measured timed up and go improved more among trained 
subjects who had been supplemented with vitamin D.37
Creatine supplementation
Two studies examined the effects of creatine supplementa-
tion combined with exercise training on muscle outcomes. 
Participants in both studies were older Canadian adults who 
were community-dwelling, but the studies differed in dura-
tion (14 weeks38 versus 6 months).39 The dose of creatine 
monohydrate included in the daily supplements was the 
same (5 g) in both studies, but in the 6-month supplementa-
tion study the supplement also contained conjugated linoleic 
acid (6 g).39 Both studies measured muscle strength, size, 
and physical performance as outcomes; the 6-month study 
also included a measure of muscle endurance (number of 
repetitions completed).39
Muscle strength
In both studies, muscle strength increased following exer-
cise training. There were some differences in the combined 
effects of creatine supplementation and exercise training in 
terms of outcomes and according to sex, when comparing 
studies, but overall a consistent finding was of greater 
improvements in strength in participants supplemented with 
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creatine when compared with the placebo groups.38,39 For 
example, a 6-month period of creatine/conjugated linoleic 
acid supplementation did not further enhance isometric 
strength measurements after exercise training, but isokinetic 
knee extension strength was greater in both men and women 
who were supplemented. However, in the shorter study of 
creatine supplementation, men and women who were supple-
mented showed greater increases in isometric knee extension 
strength, and in men only, greater gains in isometric dorsi-
flexion strength.38 In the study in which muscle endurance 
was assessed, it increased significantly following exercise 
training, and greater improvements were observed in chest 
press and arm flexion among supplemented participants.39
Muscle size
There were inconsistent changes in fat free mass resulting 
from exercise training between the two studies. However, a 
consistent finding was that in both studies greater gains in 
fat free mass were found among supplemented participants 
who received exercise training, when compared to the pla-
cebo groups.
Physical performance
The findings of both studies were consistent, such that mea-
sured physical performance improved with exercise training, 
but there was no evidence of additional benefits arising from 
supplementation.
Discussion
In a comprehensive review of the literature, we considered 
17 studies of older adults ($65 years) in which combined 
nutrition and exercise interventions were used to increase 
muscle strength and/or mass, and achieve improvements in 
physical performance. The studies were diverse in terms of the 
participants included (nutritional status and degree of physical 
frailty), supplementation strategies (differences in nutrients 
and doses), exercise training (type and frequency), as well as 
design (duration and setting). This diversity has implications 
for the review and the extent to which data can be collated. 
The main finding is that enhanced benefits of exercise train-
ing, when combined with dietary supplementation, have been 
shown in some trials, indicating its potential as an intervention 
strategy, but that existing evidence is inconsistent. Its overall 
message is that there are many gaps in the evidence base and 
to address these, further studies are needed.
Seven studies included in this review evaluated the 
effects of provision of additional amino acids or protein in 
combination with exercise training. The supplements dif-
fered in type, dose, frequency, and delivery (provided at the 
same time as exercise or not) across studies, and participants 
ranged in status from healthy older adults to those who were 
frail or sarcopenic. In only three studies was there evidence 
of additional gains resulting from protein or amino acid 
supplementation combined with exercise training, in muscle 
strength25 or lean mass.22,26 There is considerable interest in 
dietary protein requirements in older age, and whether these 
should be raised to counteract effects of anabolic resistance. 
However, insufficient habitual protein intakes may not be 
very common40 – and it is possible that enhanced effects 
of exercise training arising from protein supplementation 
would only be expected in the sub-group of the population 
who have low intakes. Adequate protein intake at baseline 
was highlighted as a possible explanation for the lack of 
interactive effects in three of the studies included in this 
review.19,23,24 Another explanation may be that there are dif-
fering effects according to source or quality of protein.41 In 
two recent trials that were excluded from this review (because 
of age of participants and/or publication date), evidence of 
interactive effects of meat supplementation,41 but not milk 
supplementation,42 on muscle mass and strength have been 
shown. Further studies are needed to establish the role of 
type of protein, and whether there are important additional 
benefits for vulnerable older adults in the population whose 
habitual protein intakes are low.
The combined effects of supplementation with a range 
of nutrients together with exercise training were evaluated 
in six studies included in this review. There was diversity 
across studies in terms of the composition of supplements 
used, but with one exception in which fortified foods were 
provided to increase micronutrient intake only in the inter-
vention groups,34,35 they contained a mixture of micro- and 
macronutrients. One of the studies included in the review 
provided evidence of enhanced benefits of exercise training 
when combined with multinutrient supplementation. In the 
remaining five studies, no such enhanced effects were seen. 
In view of a growing evidence base in which older adults 
who have “healthier” diets, providing higher intakes of a 
range of micronutrients, have better physical function,13,40 
these negative findings may be surprising. One possibility is 
that baseline nutritional status of participants in the included 
studies was not sufficiently compromised to see effects of 
supplementation.35 However, a second is that healthier diets 
provide greater intakes of a range of other micronutrients 
and bioactive non-nutrients43 that were not included in the 
supplements used in the trials. Examples include phytochemi-
cals such as flavonoids and long-chain polyunsaturated fatty 
acids, that have anti-inflammatory actions, that may have 
important effects on muscle function. Consistent with this 
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possibility, in a recent study of strength training in a group 
of older women (mean age 64 years), fish oil supplementa-
tion resulted in greater improvements in muscle strength and 
functional capacity.44 It may also be noteworthy that the study 
included in the present review that showed enhanced effects 
of exercise training with multinutrient supplementation, 
provided participants with 4 g long-chain polyunsaturated 
fatty acids per day in addition to a range of macro- and 
micronutrients.31 Dietary modification may be a more effec-
tive way of increasing intakes of a wide range of nutrients 
and non-nutrients than using dietary supplements. But further 
studies are needed to address the effects of supplementation 
as well as interventions to change dietary patterns, on muscle 
strength and physical performance of older adults.
Two studies included in the review evaluated the inter-
active effects of vitamin D supplementation and exercise 
training. One study included elderly dementia patients who 
were provided with weekly supplements over an 8-week 
period; the other study included community-dwelling adults 
who had low vitamin D status and who were provided with 
daily supplements for a period of 9 months. No additive 
effects were shown in most outcomes, even among vita-
min D-deficient adults. However, there were differences 
in the timed up and go assessment, such that this measure 
of physical performance improved more in the trained par-
ticipants supplemented with vitamin D.37 Further studies 
are needed.
There were two studies that met our search criteria that 
evaluated the combined effects of exercise training and cre-
atine supplementation; the studies were similar in terms of 
population studied and the daily dose of supplement, but dif-
fered in duration.38,39 Although there were some differences 
in outcomes and between sexes, both studies found enhanced 
benefits of exercise training in the supplemented participants, 
such that measures of strength and fat free mass were greater, 
when compared with the control groups. However, in both 
cases, these differences did not translate into improvements 
in physical performance within the period of study. Although 
more data are needed, these findings are consistent with the 
recent meta-analysis of data from 357 older adults, in which 
enhanced benefits of exercise training were found when 
combined with creatine supplementation.45 However, whilst 
these findings are encouraging the number of studies is small 
and further work is needed.45
Conclusion
We reviewed 17 intervention studies that used a combina-
tion of exercise training and nutritional supplementation to 
improve muscle outcomes in older people. The finding of 
enhanced benefits of exercise training when combined with 
dietary supplementation in some trials, highlights its potential 
as a strategy for the prevention and management of sarcope-
nia. However, existing evidence is based on populations who 
differ in age, frailty, and nutritional status – and findings 
are inconsistent. The many gaps in current understanding 
mean there is insufficient evidence on which to base recom-
mendations.4 Further studies, particularly that evaluate the 
effects of exercise training combined with dietary strategies 
to increase intakes of a range of nutrients as well as bioactive 
non-nutrients, are needed.
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